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Abstract
Any radioactive source used in brachytherapy must be fully characterized according the
TG-43 protocol in order to be approved by the FDA for clinical use. One of the parameters
that must be characterized per the protocol is the anisotropy function. Iridium-192 is the
most common and standard source to use in brachytherapy. The anisotropy of a specific
iridium-192 brachytherapy seed has been analyzed using Gafchromic film dosimetry as part
of the characterization needed for FDA approval.
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1 Introduction
The radiotherapy method known as brachytherapy first came about in the early 1900s
when various researchers discovered that tumors exposed to radiation would shrink. From
then to the 1950s, brachytherapy was limited by factors such as the rarity of sufficiently
radioactive materials and concerns over radiation exposure. Around the 1960s, the availability
of the synthetic material iridium and remote afterloaders allowed brachytherapy to become
a prominent cancer treatment that is safer and more effective for medical professionals to
administer and patients to receive than surgical procedures (11).
Nonetheless, brachytherapy depends on radiation, which is inherently harmful to all
tissues. Brachytherapy works by placing a radioactive source into a non-radioactive capsule
to make a seed, and placing the seed such that more damage is done to cancerous tissues
than to healthy tissues. To understand how a source used in brachytherapy will behave, some
parameters of the source must be known, such as the anisotropy function.
The goal of this Major Qualifying Project was to experimentally measure the anisotropy
function of a new iridium-192 brachytherapy seed source using Gafchromic film dosimetry.
This will contribute to the full characterization of the source, which will make it eligible for
FDA approval for clinical use.
1.A Background
1.A.1 Brachytherapy
Brachytherapy is a method of cancer treatment in which sealed radioactive sources are
directly inserted near or into cancerous tissues. It proves most effective against tumorous
cancers, especially prostate, breast, skin, and cervical cancers, since they have fixed, discernible
locations in the body.
Three key factors considered when using brachytherapy are the placement of the source,
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the dose rate or intensity, and the dose duration. Ideally, the source will be placed such
that its radiation will destroy the cancerous tissue while inflicting little harm on healthy
tissues. The dose rate, measured in Grays per hour (Gy/h), can fall under four categories
(16). Less than 2 Gy/h is considered low-dose rate (LDR). Between 2 and 12 Gy/h is
considered medium-dose rate (MDR), commonly employed against tumors in the oral cavity
and prostrate. Greater than 12 Gy/h is considered high-dose rate (HDR), commonly employed
against tumors in the cervix, prostrate, breast, lung, and esophagus. Pulsed-dose rate (PDR)
involves short, typically hourly pulses of radiation meant to produce the net effect of LDR,
and it is commonly employed against tumors in the head and neck (9). The dose rate and
duration are roughly inversely proportional, as LDR and PDR sources remain in the body
for up to a day, while HDR sources remain for only several minutes. (6)
1.A.2 Iridium-192
Iridium-192 has a half life of 73.83 days and an average energy of about 370 keV (14). It
is a synthetic radioisotope, meaning it does not occur in nature. About 96% of iridium-192
goes through beta (β−) decay and becomes platinum-192, and about 4% goes through epsilon
() decay and becomes osmium-192 (3). Its energy levels can be seen in Figure 1.1 (5).
Figure 1.1: Energy levels and transitions of iridium-192
Iridium-192 is the standard source to use for brachytherapy. The particular source during
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the project is relatively new at the time of the experiment, and must be fully characterized
according to the TG-43 protocol before it can be used clinically (12). The five parameters
that must be characterized are:
1. Air Kerma Strength
2. Dose Rate Constant
3. Geometry Factor
4. Radial Dose Function
5. Anisotropy Function.
This project focused on the anisotropy function.
1.A.3 The Anisotropy Function
The anisotropy of a brachytherapy source is a measurement of the deviation from the
perfectly spherical spread of absorbed dose from a point source. The anisotropy function,
which describes the variation in dose rate as a function of distance and angle, is calculated
using Equation 1, as explained in the TG-43 protocol (15).
F (r, θ) =
D(r, θ) ·G(r, θ0)
D(r, θ0) ·G(r, θ) (1)
where D(r, θ) is the dose rate and G(r, θ) is the geometry factor. When the source of
radiation is a point source, the geometry factor is GP (r, θ) = 1/r2. Because the sources used
in brachytherapy are seed sources with non-zero length, the line source approximation was
used. The geometry function becomes:
G(r, θ) =
β
Lr sin θ
if θ 6= 0o
G(r, θ) =
1
r2 − L2/4 if θ = 0
o
(2)
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where L is the length of the seed (about 0.35 cm), and β is the subtended angle, as
demonstrated in Figure 1.2 (15).
Figure 1.2: The subtended angle β used to calculate geometry factor of a seed source
1.A.4 Current Brachytherapy Practices
Modern brachytherapy relies heavily on remote afterloaders: machines that handle the
transfer of sources into and out of the body, so as to minimize radiation exposure to medical
personnel. More specifically, it is part of a whole apparatus: a lead pig holds the source,
a catheter guides the source from the box to the target site in the body and back, and a
programmable motor (the afterloader) pushes or pulls the source, attached to a wire, through
the catheter. The desired placement of the source and dose duration are therefore controlled
with the afterloader.
The source is always encased in a non-radioactive capsule, and the source and capsule
combined are referred to as a brachytherapy seed, as depicted in Figure 1.3 (13). The desired
dose rate is controlled by the type of seed or the number of seeds used. One variation of LDR
treatment, called permanent brachytherapy, involves inserting small seeds (about a grain of
rice in size) with a dose rate so low that the seeds need not be removed since the radioactivity
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of the source, over the course of weeks or months, decays to essentially zero (10).
Figure 1.3: Diagram of a brachytherapy seed
Typically, the dosimetry of a source such as iridium-192 is done with thermoluminescent
dosimeters, or TLDs. A TLD contains a thermoluminescent crystal, which, when exposed
to heat from radiation, produces light, the intensity of which is used to measure radiation
exposure (4). However, the lab used for this project generally works with ytterbium, which
is relatively low in energy (average of 93 keV), and TLDs are not tissue equivalent at such
low energies. This means that TLDs do not behave similarly to human tissues exposed to
radiation when the energy from the source is too low.
1.A.5 Gafchromic Film Dosimetry
To ensure the anisotropy could be properly tested and compared for both ytterbium
and iridium, as well as any other sources of interest, dosimetry was done using Gafchromic
film, which is tissue equivalent, even at low energies. Gafchromic film dosimetry is done
by irradiating the film, which darkens it, and using a computer and scanner to find the
dark spots and their corresponding grayscale values. Additionally, Gafchromic film can be
submerged in water to meet the TG-43 protocol (12), cut to size and shape as needed, easily
calibrated, and analyzed with a 16-bit scanner and free image software.
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1.B Hypothesis
Gafchromic film dosimetry can be used to measure the anisotropy function of a brachyther-
apy seed source, instead of thermoluminescent dosimeters.
1.C Specific Aims of this Project
The specific aim of this Major Qualifying Project was to establish a methodology for
measuring the anisotropy function of a brachytherapy seed source using Gafchromic film
dosimetry. The goal was to then experimentally measure the anisotropy function of an
iridium-192 source using Gafchromic film dosimetry.
6
2 Methodology
2.A Experimental Design
The setup of this experiment was made up of a water tank, an afterloader, an iridium-192
brachytherapy seed attached to a wire and fed through a catheter, the films that were
irradiated, and a holder for those films.
The design of the holder for Gafchromic film radiation dosimetry was done in a previous
project. It was designed to hold the films between two half circle walls. The walls were
inserted into half circle divets in two base plates. The half circle walls and corresponding
divets in the base plates were at incremental radii, from 1 centimeter to 10 centimeters. A
rendering of the film holder can be seen in Figure 2.1.
Figure 2.1: Rendering of holder design from SketchUp
Once the holder was printed, holes were drilled on the edge of the base plates for cords to
be fed through and attached to either end of the water tank. A weight was also attached
to these wires to keep the holder submerged during the entire experiment. This weight was
to hold the film holder in the center of the tank, such that the films and source could be
surrounded by at least 30 centimeters of water on all sides, as dictated by the TG-43 protocol
(12). Since human tissue is mostly comprised of water, the attenuation due to the water is
similar to the attenuation due to tissue (17). Surrounding the source and the film in water
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also helps to account for scatter.
The original setup from the previous project was designed to measure the radial dose
function, which needed the source to be fed through the center of the base plates. The setup
was slightly modified to be able to measure anisotropy. The source needed to be fed through
the side of the cylinder created by the walls and base plate of the film holder. To accomplish
this, a catheter was fed from the afterloader through the lead pig holding the source, across
the tank, and attached to a fixed point on the other end of the tank. A semi-circular piece of
sturdy plastic was placed in the holes at the center of the base plates, and the catheter was
taped to the center point. The source tail was fed through the catheter, and the other end of
the wire was fed into the afterloader.
The afterloader was a computer-controlled motorized crank. It was programmed to push
the wire source tail a specific distance, which moved the source from the lead pig to the
center of the tank. The computer then waited a specific amount of time, before pulling the
source back into the lead pig. This process was used to limit the amount of exposure to the
experimentalists. The entire setup can be seen in Figure 2.2.
Figure 2.2: (left) An image of the water tank, lead pig, afterloader, and catheter and wire
running through it all (right) A top view of the tank, showing the film holder submerged in
the water
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2.B Film Calibration
Gafchromic films react to an increase in dose by darkening. An increase in dose correlates
to a lower grayscale value on the film. In order to find this relationship, the film calibration
was done in another project, as follows:
Films were cut to size and scanned 5 times using two 16-bit scanners. The films were then
irradiated to known values, and scanned again after exposure. The average grayscale values
for the unexposed and exposed films were found using the Plot Profile function in ImageJ.
The grayscale values were converted to optical density using the following equation (8).
Net OD = log10
(
average grayscale unexposed− 16
average grayscale exposed− 16
)
(3)
where 16 is true black on the scanners used. The equation relating the known dose to which
the films were exposed and the net optical density was found using a quadratic least squares
fit test, as dictated by the TG-43 protocol (12). The equations corresponding to each of the
scanners used were:
Scanner 1:
y = 1125.3x2 + 772.44x− 6.7239 (4)
Scanner 2:
y = 2698.6x2 + 826.96x− 1.8199 (5)
where y is the dose in centrigray and x is the net optical density.
2.C Film Irradiation
Before it was irradiated, the film for each radius was cut so that it would fit between the
walls of the holder, and be able to curve to its respective radius. The exception was the 1
centimeter film, which was cut with overhang for ease of bending the film to fit between the
two wall pieces. To prevent the overhang from causing the catheter to bend and possibly
kink, small notches were cut in the film to allow the catheter to pass smoothly across the
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walls. Each film was labeled and scanned 5 times on each of the two scanners used in the
calibration. The scans were saved as .tiff files.
The films were then irradiated to approximately 200 centigray (cGy) as determined by
the following equation (2):
X
t
= 5.263× 10−6 × A
∑
i
yiEi (µen/ρ)i
r2
(6)
where A is the activity of the source in becquerels, yi is the yield of photons for energy E1 in
MeV, (µen/ρ)i is the mass energy coefficient of water for each energy, and r is the distance
from the source to the film in centimeters. This equation gives a solution in Roentgen/hour.
This was converted to centigray/hour by multiplying by a factor of 0.96. The time was
calculated by substituting 200/0.96 Roentgen for X and solving for t. The times that the
films were irradiated are located in Table 2.1. Due to the lower activity of the source as a
result of decay, films irradiated on later dates were exposed for longer time periods. The
films were irradiated one at a time due to the different times needed to reach the desired
dose for each distance. After irradiation, each film was scanned 5 times again with the same
two scanners and saved as .tiff files.
Table 2.1: Irradiation times for films
Distance Irradiation Date Time
1 cm 1/22/2018 39 min 11 sec
2 cm 10/30/2017 1 hr 11 min 14 sec
3 cm 10/30/2017 2 hr 40 min 16 sec
4 cm 10/30/2017 4 hr 44 min 56 sec
5 cm 11/3/2017 7 hr 42 min 16 sec
6 cm 1/18/2018 22 hr 38 min 45 sec
7 cm 11/7/2017 15 hr 40 min 46 sec
8 cm 10/30/2017 18 hr 59 min 54 sec
9 cm 1/16/2018 50 hr 0 min 39 sec
10 cm 11/16/2017 31 hr 42 min 13 sec
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2.D Film Analysis
As mentioned above, the films were scanned 5 times before and after irradiation. For
each film, the red channels of the 5 scans were averaged using the Image Sequence feature of
ImageJ. The red channels were chosen, as opposed to the green or blue channels, because the
red channels of the film were found to have the biggest change in grayscale value relative to
dose, as shown in Figure 2.3 (7).
Figure 2.3: Grayscale value on the film vs. dose
For each film, the 5 scans were imported into ImageJ as an image sequence. The red
channels were selected and then averaged using the Z Project feature. Examples of averaged
scans can be found in Figure 2.4.
For the unexposed averaged scans, the grayscale value was found using the Analyze feature
of ImageJ. To analyze the exposed averaged scans, a program was developed in Python.
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Figure 2.4: An example of the averaged scans of the films before (left) and after (right)
exposure.
2.D.1 Python Program
The program created using the language Python generated a user interface (UI) with
which the experimentalists could interact. This was done so that future projects could use
this program, without the need for personnel to interact directly with the code.
Once the program was running, the averaged exposed scans were imported. Because the
films had been submerged in water for an extended period of time, the edges of the films
had experienced some water damage. This made the edges of the film much darker than the
rest of the film, and would have skewed the data significantly. To account for this, once the
averaged scans had been imported into the program, a number of pixels to crop off of each
edge of the scan was input into the UI. The radius to which the film had been curved was also
input. The program was then told to analyze the new cropped image, using the given radius.
First Iteration
In the first iteration of the program’s analysis, it drew horizontal lines 1 pixel apart, and
found the location of pixel with the lowest grayscale value on each line. Those grayscale
values were all compared to each other, and the location of the lowest value was considered
the "center" of the spread, which corresponded to the angle θ0 = 90o when the film was
irradiated. The locations of all the other dark points were converted into an angular distance
12
from the horizontal by Equations 7 and 8.
If the location was above the center:
θ =
pi
2
+
(
d · 2.54
72
r
)
(7)
If the location was below the center:
θ =
pi
2
−
(
d · 2.54
72
r
)
(8)
where d is the distance between the center and the location of the dark point in pixels, 72
is the dpi of the scan, 2.54 is the number of centimeters per inch, and r is the radius to
which the film was curved in centimeters. These equations give solutions in radians. Those
solutions were converted to degrees by multiplying by a factor of 180/pi. These calculated
angular locations and their associated grayscale values on the film were output into a .csv file.
An example of the relationship between angle and grayscale that was found can be seen
in Figure 2.5 below.
Figure 2.5: Grayscale vs Angle using the first iteration of the program
This graph had a significant amount of noise. It was then realized that the analysis
approach the program was using was biased towards random dark spots on the film, either
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from manufacturing defects, or from specks on the film when it was scanned. To account for
this noise, the second iteration of the program was developed.
Second Iteration
In the second iteration of the program’s analysis, it instead performed a blur of mutable
size on the image. This took the average of grayscale values in a region of that size, instead
of finding the grayscale value at each individual pixel. To prevent extensive loss of data, each
consecutive region overlapped the previous one. This ensured that most of the data was not
lost, but the noise from random dark spots wouldn’t skew the results. It was determined
that a blur of 15 was an adequate size, and that it eliminated most of the noise on the film.
An example of the relationship found between angle and grayscale using this analysis can be
seen in Figure 2.6.
Figure 2.6: Grayscale vs Angle using the second iteration of the program
The final version of the program’s UI can be seen in Figure 2.7 below.
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Figure 2.7: The program’s user interface
2.E Calculated Dose
The grayscale values associated with each angle acquired from the Python program’s
analysis were converted into net optical density using Equation 3. The optical density was
then converted into dose using Equations 4 and 5 from the film calibration. A polynomial
least squares fit was performed for each averaged scan.
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The equation generated from the fit had no physical significance. As no data was being
extrapolated from these fits, and only interpolation was performed, this was of no consequence.
The fits were used to calculate what the dose was at specific angle values. These calculated
doses were used to find the anisotropy function.
2.F The Anisotropy Function
As mentioned above in Section 1, the anisotropy function of a brachytherapy source
F (r, θ) is calculated using Equation 1. It involves the dose rate D(r, θ) and geometry factor
G(r, θ) at both the location (r, θ) and the central position (r, θ0).
The dose rate was calculated by dividing the dose found in Section 2.E by the irradiation
time from Table 2.1.
The geometry factor was calculated using Equation 2, explained in Section 1.
16
3 Results
3.A Calculated Dose
The following figures show the absorbed dose versus the angle for each of the averaged
scans, and the calculated polynomial least squares fit for each set of data.
Scanner 1
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Scanner 2
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3.B Anisotropy Function
The results of the geometry factor calculations can be found in Appendix A.
The following figures show the calculated anisotropy versus the angle for each of the
averaged scans.
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Scanner 1
20
Scanner 2
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These anisotropy results were compared to the Monte Carlo simulations done in a previous
project. The percent difference between these experimental results and the Monte Carlo
simulations is shown in Tables 3.1 and 3.2.
Table 3.1: Percent difference between Monte Carlo and Anisotropy from Scanner 1
radius
1 2 3 4 5 6 7 8 9 10
angle
40 53.85% 7.79% 16.05% 7.55% 25.84% 4.04% 17.17% 14.63% 13.73% 2.56%
45 46.36% 6.72% 13.58% 6.53% 24.00% 4.86% 15.06% 12.70% 11.73% 2.15%
50 39.60% 5.65% 11.44% 5.50% 21.96% 5.33% 12.99% 10.82% 9.94% 1.72%
55 33.44% 4.60% 9.52% 4.53% 19.76% 5.52% 11.05% 9.07% 8.31% 1.35%
60 27.75% 3.62% 7.80% 3.61% 17.38% 5.42% 9.15% 7.42% 6.84% 0.98%
65 22.43% 2.71% 6.27% 2.74% 14.83% 5.06% 7.36% 5.86% 5.48% 0.64%
70 17.43% 1.92% 4.82% 2.00% 12.16% 4.49% 5.68% 4.45% 4.23% 0.39%
75 12.72% 1.23% 3.50% 1.33% 9.34% 3.69% 4.10% 3.15% 3.06% 0.19%
Continued on next page
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Continued from previous page
radius
1 2 3 4 5 6 7 8 9 10
angle
80 8.28% 0.68% 2.26% 0.76% 6.36% 2.66% 2.62% 1.96% 1.98% 0.04%
85 4.03% 0.24% 1.11% 0.32% 3.25% 1.43% 1.26% 0.92% 0.95% 0.02%
90 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
95 3.81% 0.13% 1.05% 0.17% 3.36% 1.61% 1.11% 0.77% 0.93% 0.12%
100 7.38% 0.07% 2.07% 0.21% 6.86% 3.41% 2.10% 1.38% 1.79% 0.31%
105 10.77% 0.11% 3.04% 0.14% 10.53% 5.43% 2.98% 1.87% 2.62% 0.59%
110 13.94% 0.44% 3.93% 0.04% 14.39% 7.69% 3.77% 2.26% 3.37% 0.92%
115 16.87% 0.86% 4.72% 0.29% 18.46% 10.20% 4.48% 2.51% 4.06% 1.34%
120 19.50% 1.38% 5.41% 0.65% 22.77% 12.98% 5.14% 2.69% 4.66% 1.80%
125 21.86% 1.96% 5.98% 1.03% 27.38% 16.10% 5.74% 2.80% 5.16% 2.30%
130 23.95% 2.61% 6.44% 1.52% 32.27% 19.51% 6.28% 2.82% 5.57% 2.84%
135 25.67% 3.29% 6.71% 1.97% 37.60% 23.38% 6.85% 2.80% 5.84% 3.39%
140 26.99% 3.90% 6.75% 2.42% 43.41% 27.68% 7.44% 2.78% 5.94% 3.93%
Table 3.2: Percent difference between Monte Carlo and Anisotropy from Scanner 2
radius
1 2 3 4 5 6 7 8 9 10
angle
40 56.35% 6.73% 13.36% 1.86% 17.93% 18.63% 9.87% 11.42% 3.90% 5.92%
45 48.49% 5.43% 11.48% 1.62% 16.46% 15.79% 8.24% 9.86% 3.13% 4.44%
50 41.40% 4.38% 9.84% 1.49% 14.88% 13.28% 6.69% 8.32% 2.41% 3.11%
55 34.92% 3.54% 8.36% 1.37% 13.23% 11.00% 5.32% 6.90% 1.77% 2.01%
60 28.96% 2.81% 7.00% 1.28% 11.49% 8.96% 4.05% 5.58% 1.20% 1.08%
65 23.38% 2.23% 5.76% 1.20% 9.67% 7.13% 2.95% 4.34% 0.72% 0.34%
Continued on next page
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Continued from previous page
radius
1 2 3 4 5 6 7 8 9 10
angle
70 18.15% 1.68% 4.54% 1.05% 7.84% 5.42% 2.02% 3.24% 0.34% 0.16%
75 13.23% 1.22% 3.38% 0.88% 5.94% 3.88% 1.26% 2.25% 0.08% 0.45%
80 8.59% 0.79% 2.25% 0.66% 3.99% 2.48% 0.66% 1.36% 0.07% 0.54%
85 4.18% 0.41% 1.13% 0.37% 2.01% 1.19% 0.25% 0.62% 0.09% 0.38%
90 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
95 3.94% 0.36% 1.14% 0.47% 2.02% 1.11% 0.02% 0.47% 0.26% 0.64%
100 7.61% 0.75% 2.31% 1.03% 4.07% 2.12% 0.15% 0.79% 0.62% 1.50%
105 11.08% 1.10% 3.48% 1.66% 6.17% 3.04% 0.50% 0.98% 1.14% 2.61%
110 14.32% 1.44% 4.64% 2.34% 8.35% 3.82% 1.01% 1.07% 1.75% 3.92%
115 17.26% 1.70% 5.77% 3.07% 10.61% 4.50% 1.70% 1.03% 2.49% 5.49%
120 19.95% 1.90% 6.87% 3.86% 12.99% 5.03% 2.53% 0.91% 3.33% 7.27%
125 22.31% 2.00% 7.92% 4.63% 15.52% 5.40% 3.51% 0.72% 4.25% 9.26%
130 24.38% 1.99% 8.92% 5.47% 18.17% 5.63% 4.64% 0.43% 5.28% 11.48%
135 26.06% 1.82% 9.82% 6.24% 21.10% 5.63% 5.88% 0.10% 6.37% 13.89%
140 27.32% 1.40% 10.57% 6.98% 24.31% 5.43% 7.22% 0.24% 7.49% 16.51%
The percent differences for the 1 centimeter film vary significantly. Because notches had
to be cut in the film to allow the catheter to pass through, the edge of the film split. This
led to error in the data at the edge of the films. A similar split occurred when the 5 and 6
centimeter films were cut to size, causing the significant change in percent difference.
The percent differences on the portions of the films that had not split show that the
anisotropy functions found in this experiment are sufficiently similar to the results of the
Monte Carlo simulations.
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4 Conclusions
Comparison of the results of this experiment with those produced from the Monte Carlo
simulations shows that it is possible to accurately characterize the anisotropy function of
a brachytherapy seed source using Gafchromic film dosimetry. Future work would entail
refining the technique to produce more consistent anisotropy results at all radii, or finding
the anisotropy function for another source, particularly ytterbium, also using Gafchromic
film dosimetry.
These results, in conjunction with other experiments to measure the radial dose function,
can be used for FDA approval of this particular brachytherapy source. This source can
therefore be used clinically.
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Appendix A Geometry Factor
Table A.1: Geometry Factor at Radii 1 cm to 5 cm
radius 1 2 3 4 5angle
40 1.01365 1.00343 1.00153 1.00086 1.00055
41 1.01292 1.00325 1.00145 1.00082 1.00052
42 1.01220 1.00308 1.00137 1.00077 1.00049
43 1.01147 1.00290 1.00129 1.00073 1.00047
44 1.01074 1.00272 1.00121 1.00068 1.00044
45 1.01002 1.00254 1.00113 1.00064 1.00041
46 1.00929 1.00236 1.00105 1.00059 1.00038
47 1.00857 1.00218 1.00097 1.00055 1.00035
48 1.00785 1.00200 1.00089 1.00050 1.00032
49 1.00714 1.00183 1.00082 1.00046 1.00029
50 1.00643 1.00165 1.00074 1.00042 1.00027
55 1.00300 1.00079 1.00036 1.00020 1.00013
60 0.99982 0.99999 1.00000 1.00000 1.00000
65 0.99697 0.99926 0.99967 0.99982 0.99988
70 0.99454 0.99864 0.99940 0.99966 0.99978
75 0.99258 0.99813 0.99917 0.99953 0.99970
80 0.99114 0.99776 0.99900 0.99944 0.99964
85 0.99027 0.99754 0.99890 0.99938 0.99960
90 0.98998 0.99746 0.99887 0.99936 0.99959
95 0.99027 0.99754 0.99890 0.99938 0.99960
100 0.99114 0.99776 0.99900 0.99944 0.99964
105 0.99258 0.99813 0.99917 0.99953 0.99970
110 0.99454 0.99864 0.99940 0.99966 0.99978
115 0.99697 0.99926 0.99967 0.99982 0.99988
120 0.99982 0.99999 1.00000 1.00000 1.00000
125 1.00300 1.00079 1.00036 1.00020 1.00013
130 1.00643 1.00165 1.00074 1.00042 1.00027
131 1.00714 1.00183 1.00082 1.00046 1.00029
132 1.00785 1.00200 1.00089 1.00050 1.00032
133 1.00857 1.00218 1.00097 1.00055 1.00035
134 1.00929 1.00236 1.00105 1.00059 1.00038
135 1.01002 1.00254 1.00113 1.00064 1.00041
136 1.01074 1.00272 1.00121 1.00068 1.00044
137 1.01147 1.00290 1.00129 1.00073 1.00047
138 1.01220 1.00308 1.00137 1.00077 1.00049
139 1.01292 1.00325 1.00145 1.00082 1.00052
140 1.01365 1.00343 1.00153 1.00086 1.00055
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Table A.2: Geometry Factor at Radii 6 cm to 10 cm
radius 6 7 8 9 10angle
40 1.00038 1.00028 1.00021 1.00017 1.00014
41 1.00036 1.00027 1.00020 1.00016 1.00013
42 1.00034 1.00025 1.00019 1.00015 1.00012
43 1.00032 1.00024 1.00018 1.00014 1.00012
44 1.00030 1.00022 1.00017 1.00013 1.00011
45 1.00028 1.00021 1.00016 1.00013 1.00010
46 1.00026 1.00019 1.00015 1.00012 1.00009
47 1.00024 1.00018 1.00014 1.00011 1.00009
48 1.00022 1.00016 1.00013 1.00010 1.00008
49 1.00020 1.00015 1.00012 1.00009 1.00007
50 1.00018 1.00014 1.00010 1.00008 1.00007
55 1.00009 1.00007 1.00005 1.00004 1.00003
60 1.00000 1.00000 1.00000 1.00000 1.00000
65 0.99992 0.99994 0.99995 0.99996 0.99997
70 0.99985 0.99989 0.99992 0.99993 0.99995
75 0.99979 0.99985 0.99988 0.99991 0.99993
80 0.99975 0.99982 0.99986 0.99989 0.99991
85 0.99973 0.99980 0.99985 0.99988 0.99990
90 0.99972 0.99979 0.99984 0.99987 0.99990
95 0.99973 0.99980 0.99985 0.99988 0.99990
100 0.99975 0.99982 0.99986 0.99989 0.99991
105 0.99979 0.99985 0.99988 0.99991 0.99993
110 0.99985 0.99989 0.99992 0.99993 0.99995
115 0.99992 0.99994 0.99995 0.99996 0.99997
120 1.00000 1.00000 1.00000 1.00000 1.00000
125 1.00009 1.00007 1.00005 1.00004 1.00003
130 1.00018 1.00014 1.00010 1.00008 1.00007
131 1.00020 1.00015 1.00012 1.00009 1.00007
132 1.00022 1.00016 1.00013 1.00010 1.00008
133 1.00024 1.00018 1.00014 1.00011 1.00009
134 1.00026 1.00019 1.00015 1.00012 1.00009
135 1.00028 1.00021 1.00016 1.00013 1.00010
136 1.00030 1.00022 1.00017 1.00013 1.00011
137 1.00032 1.00024 1.00018 1.00014 1.00012
138 1.00034 1.00025 1.00019 1.00015 1.00012
139 1.00036 1.00027 1.00020 1.00016 1.00013
140 1.00038 1.00028 1.00021 1.00017 1.00014
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